Abstract. This paper studies convergence in CO 2 emission intensity (CO 2 over GDP) among OECD countries over the period 1960-2008 based on its determinants, namely, energy intensity (energy consumption over GDP) and the so-called carbonisation index (CO 2 emissions over energy consumption). We apply the Phillips and Sul (2007) methodology, which tests for the existence of convergence clubs. Our results highlight that differences in emission intensity convergence are more determined by differences in convergence of the carbonisation index rather than by differences in the dynamic convergence of energy intensity.
Introduction
The impact of economic activity on the environment has received increasing attention from researchers, politicians and society as a whole in recent decades. In addition, growing concern over climate change has fuelled a burgeoning literature devoted to studying the relationship between production processes and air emissions. In this line, various researchers have analysed convergence at region or country level using indicators such as per capita CO 2 emissions; representative papers include Westerlund and Basher (2008) , Romero-Ávila (2008) , Jobert et al. (2010) and Barassi et al. (2011) . Parallel to this, another line of research has focused on identifying and quantifying the factors behind changes in CO 2 emissions using different methodologies. These include the structural decomposition approach (Rose and Casler, 1996) , as well as analyses based on the index numbers theory (Ang and Zhang, 2000) . Recently, some papers have proposed decompositions performed in the production theory framework (Zhou and Ang, 2008) .
In this paper, we use the simplest decomposition of the ratio of CO 2 over GDP, or CO 2 emission intensity, as a result of two mutually exclusive elements, namely energy intensity, defined as the ratio between energy consumption and GDP, and the so-called carbonisation index, defined as the ratio of CO 2 over energy consumption. Then, we use the recent approach by Phillips and Sul (2007) to test for convergence clubs among OECD countries in CO 2 emission intensity and its determinants. This approach tests for the existence of groups of countries sharing common traits regarding their convergence paths and has been previously used by Panopoulou and Pantelidis (2009) to explain club convergence in per capita CO 2 emissions.
Convergence in air emissions is at present a core concern for policymakers in developed economies that are currently working towards the long-run objective of achieving a fair distribution of emissions among countries. The results of this research aim to provide some insight into relevant issues such as whether some countries share common conver-gence patterns in CO 2 emission intensity and its determinants. Furthermore, the fact that forecasts on air emissions made by several international organisations are based on the assumption of convergence (IPCC, 2007) adds interest to the results of this research.
Data and empirical results
The data on CO 2 emissions (kt), energy consumption (kt of oil equivalent) and GDP (millions of US$, base year 2000) have been obtained from the World Bank; 1 the sample includes 23 OECD countries and covers the period 1960-2008. Furthermore, in order to avoid biases in favour of convergence around the GDP base year, we moved the base year to the beginning of the period; in addition, to minimise the distortions caused by this change, we have discarded the first 20 observations, as suggested by Phillips and Sul (2009) .
Using this dataset, we have separately applied the Phillips and Sul (2007) procedure to the ratio of CO 2 over GDP and its two determinants. The results are in Table 1 , while Figure 1 portrays the transition paths. Before commenting on these results, let us note that the best performing countries are those which attain lower ratios and, therefore, their transition paths also tend to converge to lower levels.
Concerning the ratio of CO 2 over GDP, four convergence clubs are found. The first one includes Greece (GRC) and Portugal (PRT), while the second one consists of Australia (AUS), Finland (FIN), Japan (JPN), New Zealand (NZL), Norway (NOR) and Switzerland (CHE), for which the transition path stands between 1.5 and 1 ( Figure 1a ). 2 These two clubs record values greater than one and display a positive slope. The next group consists of Austria (AUT), Canada (CAN), Denmark (DNK) and the Netherlands (NLD), all of which converge below the average (between 0.85 and 0.7) and share a negative slope. The last club includes the majority of countries whose transition path is clearly below the average (around 0.5) and therefore have a lower level of CO 2 emissions as a percentage of GDP; these countries are Belgium (BEL), France (FRA), Germany (DEU), Iceland (ISL), Ireland (IRL), Sweden (SWE) and the United Kingdom (GBR). In addition, all these countries display a trend toward further reductions. In contrast to this behaviour, there are four countries that do not converge to any club. However, not all of them are diverging for the same reasons: while Italy (ITA) and Spain (ESP) show an upward trend and their transitions are placed at the end of the sample between 2 and 1.5, Luxembourg (LUX) and the United States (USA) are well below 0.5 (especially Luxembourg) and maintain a trend toward additional reductions.
The convergence-club results for the CO 2 over energy consumption ratio, or carbonisation index, also point to the existence of four clubs. The first one includes Australia, Canada, Finland, Ireland, New Zealand and Norway. The transition paths of all the countries included in this club are above 1.2 and have an upward trend (Figure 1b) . The countries in the second club are Greece, Italy, Japan, Portugal, Spain and the United States and their transition paths finish around 1.2. The third club consists of Austria, Denmark, Luxemburg and the United Kingdom, whose transition paths are close to the average. The countries in club 4 are Belgium, Germany and Sweden and are clearly performing much better than the average; their transitions are around 0.6 and display a downward trend. Finally, four countries are not included in any club: Switzerland, France, Iceland and the Nether-lands. All of them share a clearly downward trend, although their transition levels are different, the lowest corresponding to Iceland and the highest to the Netherlands. Assuming that the probable drivers in the dynamics of this indicator are mainly the difference in energy sources (fossil versus renewables) among countries, together with distinct environmental legislation, the results obtained seem sensible.
Concerning the results for convergence in the energy intensity ratio, we find less diversion in the dynamics of the convergence process (Figure 1c) . The transition paths are closer together and, with a few exceptions, are concentrated between 1.5 and 0.5. The first club consists of the four relatively more energy-intensive countries (Greece, Iceland, Portugal and Spain) and their transition tends to divert from the average, signalling a worsening relative to other countries. The countries in the second convergence club are Italy, Japan, New Zealand and Switzerland and their transition, also with a positive slope, ranges narrowly from between 1.1 to 1.3. Clubs 3, 4 and 5 display negative slopes, so these countries tend to reduce energy intensity. Club 3 is very large and consists of Australia, Austria, Belgium, Finland, France, the Netherlands and Norway. Finally, club 4 includes Canada, Denmark, Germany and Sweden, whereas Ireland and the United States form a fifth club. The non-converging countries are Luxemburg and the United Kingdom.
Finally, as proposed by Phillips and Sul (2009) , we have tested whether some of the clubs identified can be merged into larger groups. While no mergers are found in emission intensity and energy intensity, clubs 2 and 3 can be merged into a larger club of ten countries for the carbonisation index.
Discussion and conclusions
We are able to identify groups of countries that converge to different equilibria in the CO 2 over GDP relationship for the majority of OECD countries, which confirms most of the previous results obtained in this literature. Concerning the members of the convergence groups, some countries from Central and Northern Europe can be included in a club consisting of the best performers. In contrast, the club of worst performers includes two countries from Southern Europe, Greece and Portugal; in addition other Mediterranean European countries, such as Italy and Spain, are not converging. This paper analyses convergence in emissions intensity and its components, energy intensity and the carbonisation index. Although inter-groups convergence seems to be higher in the carbonisation index, the dynamics of individual countries within groups indicates greater convergence in the energy intensity ratio. This evidence is in line with the findings of Padilla and Duro (2001), who use a methodology based on the Theil index and the Kaya decomposition to analyse inequalities in CO 2 per capita emissions in the European Union. According to our results, a sensible interpretation would be that differences in the convergence of the CO 2 over GDP ratio are mostly driven by differences in the carbonisation index, that is, in the energy mix, rather than by differences in energy intensity. Differences in energy intensities are the outcome of different technical efficiencies in the use of energy, as well as different production structures. These differences are not expected to be very significant in the OECD area. However, differences in the carbonisation index are reflecting the important disparities in energy sources (fossil fuels, like coal, versus renewables and nuclear power) among OECD countries. Therefore, our results indicate that more environmental regulation in OECD countries is probably required to foster the environmentally efficient use of energy, moving, for example, toward cleaner sources of energy.
Finally, in our opinion, the approach taken in this paper to analyse air emissions convergence adds new insight to the current literature. In particular, our contribution may shed some light on issues that would have remained unaccounted for in more conventional approaches to convergence; for example, Ireland shares a convergence path with some of the best performers in energy intensity, whereas it has common convergence features with the group of worst performers regarding the carbonisation index. 
